Mouse embryos lacking Gsc and Dkk1 function display severe deficiencies in craniofacial structures which are not found in either Dkk1 homozygous null or Gsc homozygous null mutant embryos. Loss of Gsc has a dosage-related effect on the severity of head truncation phenotype in Dkk1 heterozygous embryos. The synergistic effect of these mutations in enhancing head truncation provides direct evidence of a genetic interaction between Gsc and Dkk1, which display overlapping expression in the prechordal mesoderm. In the absence of Gsc activity, the expression of Dkk1, WNT genes and a transgenic reporter for WNT signalling are altered. Our results show that Gsc and Dkk1 functions are non-redundant in the anterior mesendoderm for normal anterior development and Gsc may influence Wnt signalling as a negative regulator.
Introduction
In the mouse, morphogenesis of the anterior (head) structures can be visualized from embryonic (E) day 8 to 11, but the initial specification of the head structures may occur earlier with the establishment of embryonic polarity in the gastrula (Beddington and Robertson, 1998; Rossant and Tam, 2004 ) and the inductive interaction that patterns the progenitor tissues of head structures (Kiecker and Niehrs, 2001; Kimelman and Griffin, 2000; Kinder et al., 2001; Robb and Tam, 2004; Tam et al., 1997) . Embryological studies show that a key tissue for anterior induction is the anterior axial mesendoderm (AME), which is a condensed stripe of mesoderm and endoderm derived from the gastrula organizer. It comprises the prechordal mesoderm in the rostral-most part and, more caudally, the head process (the segment of the notochord associated with the prospective brain region) of the advanced gastrula (Camus et al., 2000; Robb and Tam, 2004; Sulik et al., 1994) . Surgical ablation of the rostral AME leads to the loss of forebrain, highlighting a key role of this tissue in head formation (Camus et al., 2000) . In addition, genetic evidence for the morphogenetic role of the anterior axial mesendoderm is provided by the phenotype of severe forebrain truncations in mutant embryos lacking the normal function of Lhx1 which is expressed in the AME (Shawlot and Behringer, 1995) . A similar anterior truncation phenotype results when the function of two BMP antagonists, Chrd and Nog, are lost from the AME (Bachiller et al., 2000; Anderson et al., 2002) . However, the expression of both genes commences late in gastrulation and is restricted to the head process segment of the AME that is associated with the prospective mid-and hindbrain, but not the more rostral part of the head (Bachiller et al., 2000) . Surgical ablation of this segment of the AME does result in loss of forebrain, but Gsc is down-regulated in the prechordal mesoderm and there is a loss of expression of ventral forebrain genes such as Nkx2.1 and Fgf8 (Camus et al., 2000) . This is in contrast to the consequence of ablating, the Gsc-expressing prechordal mesoderm, where the remaining AME tissue upregulates Gsc which is accompanied by ectopic expression of Nkx2.1. Gsc function in the prechordal mesoderm for the patterning of the forebrain is, therefore, possibly maintained by the AME which expresses Nog and Chrd. These responses to prechordal mesoderm ablation are not launched in embryos that completely lack Gsc function (Camus et al., 2000) . These findings suggest strongly that Gsc function in the prechordal mesoderm is required for the activation of ventral forebrain genes and that Gsc activity in the prechordal mesoderm is maintained by the antagonistic activities against BMP signalling which emanate from the head process segment of the AME. Although Gsc null mice display no major head truncation defect during early organogenesis, there are later defects in the base of the skull and first branchial arch derivatives (Belo et al., 1998; Rivera-Perez et al., 1995 , suggesting Gsc function is required for some aspect of craniofacial development.
In Xenopus, BMP and WNT signalling are both required for normal head morphogenesis (Glinka et al., 1997) . In the mouse, simultaneous loss of Dkk1 (a WNT antagonist) and Noggin function in Dkk1 +/À :Nog +/À and Dkk1 +/À :Nog
embryos results in anterior truncations (del Barco Barrantes et al., 2003) and similarly, ectopic expression of Wnt1 in the anterior tissues due to lack of repression by Six3 is associated with truncation of rostral structures (Lagutin et al., 2003) . Mouse embryos lacking Dkk1 display anterior truncations rostral to the midbrain (Mukhopadhyay et al., 2001) . Dkk1 encodes a protein with two cysteine rich domains which complexes with LRP6/Kremen. This complex sequesters the WNT co-receptor LRP6, preventing the formation of a functional Frz/LRP receptor complex for signal transduction and thereby blocking WNT signalling (Zorn, 2001) . The DKK1/LRP6/Kremen complex is subsequently internalized and probably degraded (Mao et al., 2002 ). An unbalanced WNT signalling activity caused by the loss of antagonistic activity might underpin anterior malformations in Dkk1 mutant mice. The present study on the interaction of Dkk1 and Gsc activity was founded on two lines of reasoning: (a) both Gsc and Dkk1 were reported to be expressed in the prechordal mesoderm (Anderson et al., 2002; Belo et al., 1998; Glinka et al., 1998; Nishioka et al., 2005) and (b) in the Xenopus, Gsc directly represses Xwnt8 (Yao and Kessler, 2001 ). There is a strong likelihood that Gsc and Dkk1 may act synergistically to negatively control the level of WNT signalling in the prechordal plate. By studying the phenotype of mutant embryos that harbour the loss of function of both genes, we demonstrated a non-redundant requirement for these two genes in the prechordal mesoderm and the embryonic foregut.
Results

Overlapping expression domain of Dkk1 and Gsc
Expression of Dkk1 is detected by whole mount in situ hybridization in a localized population of cells in the proximal-most region of the anterior visceral endoderm of the pre-streak (E6.0) embryo ( Fig. 1A ; Perea-Gomez et al., 2001 ). In the mid-streak (E7.0) embryo, Dkk1-expressing cells are distributed across the midline in the anterior-most part of the embryo and in the paraxial regions of the anterior endoderm ( Fig. 1L and M) . Dkk1-expressing cells become more localized to the proximal part of the endoderm in the mid to late-streak (E7.0-7.25) embryo (Fig. 1B) . Contrary to that previously reported (Glinka et al., 1998) , Dkk1 is not expressed in the mesoderm of the gastrulating embryo ( Fig. 1E and F) . At the late-streak to no-bud (E7.5) stage, Dkk1 is expressed in a crescent domain in the anterior endoderm encompassing the mesendoderm in the prechordal region (the prechordal plate) and the anterior endoderm, but excluding the anterior notochord ( Fig. 1C ; Robb and Tam, 2004) . Dkk1-expressing cells are found in the prechordal plate ( Fig. 1D and E) and the prospective foregut endoderm underneath the lateral margin of the neural plate of the early-head-fold stage (E7.75) embryo ( Fig. 1D and F) .
Gsc is expressed first in the anterior endoderm of the early-to mid-streak embryo ( Fig. 1N and O) and in the axial mesendoderm of the late-streak embryo (Belo et al., 1998) . Dkk1 expression is restricted more to the prechordal region, while Gsc is expressed along a greater anterior-posterior length of the precursor of the axial mesendoderm ( Fig. 1P and Q) . The expression domain of Gsc therefore, overlaps with that of Dkk1 mainly in the endoderm of the prechordal region of the embryo (Fig. 1P) .
By the early-somite (E8.5) stage, Dkk1 is expressed in the foregut endoderm and also in the cephalic neural plate and the cranial mesenchyme ( Fig. 1G-K) . Dkk1 expression in the anterior tissues of the neuralating embryo is later confined to the neurectoderm of the prospective diencephalons and the endoderm in the floor of the foregut ( Fig. 1G-I ; Monaghan et al., 1999) . As development progresses, Gsc becomes restricted from a broad anterior area (Fig. 1Q) to the prechordal plate, where it overlaps with that of Dkk1 ( Fig. 1R and S) . However, Gsc expression is mainly found in the endoderm in the roof of the foregut at the early-somite stage (Belo et al., 1998; Kinder et al., 2001; Rivera-Perez et al., 1995) in contrast to the expression of Dkk1 in the floor of the foregut (Fig. 1K ).
Gsc and Dkk1 expression are likely not inter-dependent
The overlapping expression domains of Dkk1 and Gsc and their involvement in head and forebrain morphogenesis prompted our investigation into whether expression of these genes are dependent on each other. In E7.0 midstreak Dkk1 À/À embryos, Gsc expression was found unchanged in the anterior primitive streak and anterior mesendoderm (6/6 embryos, Fig. 2A ). In the E8.0 earlyhead-fold embryo, Gsc expression was present though reduced in the prechordal mesoderm ( Fig. 2C and D) . Dkk1 was expressed in the anterior endoderm despite the loss of Gsc activity in E7.0 Gsc lacZ/lacZ (Gsc À/À ) embryos (4/5 embryo, Fig. 2B ). Expression was, however, reduced in the E8.5 early-somite Gsc À/À embryo ( Fig. 2E and F). The expression of an anterior mesendoderm (AME) marker (Lhx1) was unaffected in either Gsc lacZ/lacZ or Dkk1 À/À embryos ( Supplementary Fig. 1A ) at E7.0 confirming that there is no early loss of AME. Later reduction of Gsc or Dkk1 expression in the older mutant embryos may be partly due to deficiency of prechordal and/or neural plate tissues at later stages. Taken together, the in situ hybridization results do not provide compelling evidence that Dkk1 and Gsc activity are critically inter-dependent on one another in the mouse, however, at later stages their expression is reduced in the null mutants. It may be noted, however, that in the Zebrafish and Xenopus, Gsc and Dkk1 expression are somewhat dependent (Seiliez et al., 2006; Kazanskaya et al., 2000) and Wnt signalling activity may directly regulate Gsc expression (Watabe et al., 1995) . 
Loss of Gsc and Dkk1 function may lead to elevated WNT signalling
To test, whether the pattern of WNT signalling activity in the mouse embryo is affected by the loss of Gsc or Dkk1 function, the expression of Wnt8a and a TOPGal transgene was assessed in the null mutant embryos. In the wild-type E8.0 early-head-fold embryo, Wnt8a expression, as revealed by whole mount in situ hybridization, was localized to the posterior germ layer tissues and the primitive streak (Fig. 2G ). This expression domain was expanded anteriorly and laterally in both the Gsc À/À (n = 4) and Dkk1 À/À (n = 2) embryos ( Fig. 2H and I ). In the wild-type E7.75 late-bud stage embryo, expression of the TOPGal transgene, which reports, by the expression of b-galactosidase, the activation of a LEF/TCF promoter in response to WNT/b-catenin activity (DasGupta and Fuchs, 1999) was detected in the primitive streak and the allantoic mesoderm ( Fig. 2J and L) . A more intense b-galactosidase activity and an expansion of TOPGal expression domain to the full length of the primitive streak and the extraembryonic tissues were observed in the Dkk1 À/À (n = 2) and Gsc 
Dkk1 and Gsc interact synergistically in a dose-dependent manner
To characterize the compound mutant phenotype, E7.75-9.5 embryos were obtained from the inter-crosses of Dkk1 +/À Gsc +/lacZ mice. As previously shown (RiveraPerez et al., 1995) , heterozygous and homozygous Gscnull mutant embryos were phenotypically normal at E7.5-9.5. In contrast to the low incidence (4%) of abnormality among the Dkk1 +/À embryos, about 43% of Dkk1 +/À Gsc +/lacZ embryos display a mild reduction in forebrain size (not shown). Dkk1 +/À Gsc lacZ/lacZ embryos were even more frequently (75%) found to be abnormal (Fig. 3A, Table 1A ), highlighting that a dosage-related Gsc activity is required in conjunction with Dkk1 in head morphogenesis. Embryos null for both Dkk1 and Gsc displayed phenotypes more severe than those observed in either Dkk1 or Gsc homozygotes (see Fig. 5B .)
In the Dkk1
Gsc lacZ/lacZ embryos, the phenotype varied from a mild reduction of the head size (II: 14.3%) to partial loss of the forebrain accompanied by other defects such as poor development of the eye primordium and illdefined brain segments (III: 42.8%). The most affected embryos (IV: 14.3%) had anterior truncations which resemble the Dkk1 null phenotype (Fig 3B, Table 1B ). Such variations in the mutant phenotype further highlighted the potential impact of varying levels of Gsc and Dkk1 activities on head morphogenesis which may be subject to fine control of gene dosages.
Measurement of the head size showed that wild-type embryos have a dimension of 14.29 ± 0.34 U (n = 7). The head size of Gsc +/lacZ is 14.22 ± 1.1 U, which is not different from the wild-type. Morphological examination of the Gsc lacZ/lacZ (e.g., Fig. 3A , the right-most figure) showed that the head size is similar to that of the Gsc +/lacZ counterpart. The Dkk1 +/À mutant embryos (n = 6) measured at 13.83 ± 0.76 U with a marginal 3.3% reduction in head size relative to the wild-type. The head size of the Dkk1 +/À Gsc lacZ/lacZ embryos was reduced by 16% to ; Gsc lacZ/lacZ embryos (the long arrows indicate the increasing degree of severity). Short arrows in (A and B) point to the rostral part of the forebrain that displays different degree of tissue loss and truncation. For the classification (II, III and IV) of the severity of phenotype, see the legend of Table 1B. 12 ± 1.5 U with six of the seven embryos scored below the lowest value of wild-type embryos and overlapped with head size of the Dkk1 À/À mutant embryo showed a 35% reduction to 9.18 ± 1.5 U (n = 14). Histological examination revealed a markedly reduced forebrain and loss of the eye evagination. In addition, a single tissue mass was present in the place of the paired first branchial arches in some mutant embryos ( Fig. 4A and B) . In the E8.5 Dkk1
Gsc lacZ/lacZ compound mutants, Fgf8 is severely reduced in the commissural plate and lost from the rostral forebrain at E9.5 (n = 2), Hesx1 (n = 1) and Six3 (n = 2) expression are also reduced or lost from the forebrain (Fig. 4C and D and data not shown) . The reduction in the Hesx1 expression domain in the neural plate is already detectable at the early-head-fold stage in the compound heterozygous Dkk1 +/À Gsc +/lacZ embryo (Fig. 4E) . The expression of Hesx1, Fgf8, Shh and Nkx2.1 in the forebrain of Dkk1
, Gsc +/lacZ or Gsc lacZ/lacZ was not different from that of wild-type embryos (Camus et al., 2000 and data not shown).
The lacZ transgene in the Gsc locus of the mutant mice enables an investigation of expression from the Gsc promoter in Dkk1; Gsc compound mutants. In the Dkk1 +/+ Gsc +/lacZ embryos, lacZ expression is localized to the prechordal plate and roof of the foregut (Fig. 5A ) but in Dkk1 À/À Gsc +/lacZ embryos this is significantly reduced (Fig. 5A) . Embryos which are homozygous for the Gsc lacZ allele display stronger and wider lacZ expression at E7.75-8.5 early-head-fold to early-somite stages (Fig. 5B) , suggesting a potential loss of negative autoregulation as well as an enhanced lacZ expression of two knock-in alleles. In addition to the prechordal plate and the foregut, lacZ is also expressed in other parts of the axial mesendoderm, the notochordal plate and the node (Fig. 5B) . In the Dkk1 À/À Gsc lacZ/lacZ embryo, lacZ expression is markedly reduced in the most rostral part of the axial mesendoderm in the E8.5 embryo and absent in the E9.5 embryo (Fig. 5B ). This finding suggests that either the prechordal plate is lost in the Dkk1 À/À Gsc lacZ/lacZ embryo or that the loss of Dkk1 leads to a down-regulation of Gsc expression in this region. At E8.0, Dkk1 +/+ Gsc lacZ/lacZ embryos have strong lacZ expression in the anterior axial mesendoderm, but in the Dkk1 À/À Gsc lacZ/lacZ embryos the expression of lacZ is ectopically localized to the posterior mesendoderm which may indicate a failure of the node derivatives to move to the anterior region of the embryo (Fig. 5B) . Table 1A Genotype and phenotype distribution of embryos derived from Dkk1; Gsc 5 (0) 2 (0) 7 (0) 12 (6) 2 (2) 5 (5) 6 (6) 3 (3) 45 8.0-9.0 5 (0) 8 (0) 5 (0) 10 (1) 10 (7) 6 (6) 4 (4) 6 (6) 6 (6) 60 9.0-10.0 1 (0) 10 (0) 3 (0) 8 (0) 15 (3) 8 (4) 4 (4) 6 (6) 2 (2) 57 Total number 9 (0) 23 (0) 10 (0) 25 (1) 37 (16) 16 (12) 13 (13) 18 (18) 11 ( 
Discussion
We have shown a synergistic relationship between Dkk1 and Gsc in the morphogenesis of head structures. Gsc and Dkk1 expression overlaps in the anterior-most axial mesendoderm, a tissue likely to play an organizing role in anterior induction. Our results show a dosage-dependent interaction between Dkk1 and Gsc whereby progressive loss of Gsc activity leads to increased rate and severity of abnormalities. Thus Dkk1 +/À embryos have a very low rate of mild reductions of forebrain size (4%) but loss of one allele of Gsc increases the rate of abnormality to 43% while loss of both alleles increases the rate to 75% and additionally, more severe truncations are sometimes observed in this compound mutant class. This dosage-related transition suggests a threshold requirement for normal anterior development at a point where Dkk1 and Gsc have converging functions.
Dkk1 is an inhibitor of Wnt signalling, and the data suggest that Gsc could act in the same manner. In support of this, it has been reported in Xenopus that Gsc can directly repress Xwnt8 (Yao and Kessler, 2001) . Gsc is a transcriptional repressor and when the repressor domain is substituted with an activator domain, the resulting embryos were found to have anterior truncations, furthermore, this was rescued by injection of the Wnt inhibitor Frzb (Yao and Kessler, 2001 ). In the mouse, the ortholog of Wnt8 (Wnt8a) is expressed in the primitive streak and adjacent germ layer tissues (Bouillet et al., 1996) . Loss of Gsc activity leads to an elevation and expansion of the Wnt8a expression domain, which is apparently consistent with a conserved repressive activity on Wnt transcription previously shown in the Xenopus. However, it is yet to be demonstrated that Gsc directly represses the transcription of the signalling molecule itself in the mouse. A less direct mechanism may be through the modulation of retinoic acid, ectopic expression of which expands Wnt8a expression in the mouse (Bouillet et al., 1996) and reduces Gsc expression in both the mouse (Zhu et al., 1997) and zebrafish (Joore et al., 1997) . The expansion of the Wnt8a expression domain observed in Dkk1 and Gsc null embryos is accompanied by the enhanced expression of the TOPGal reporter, suggesting that more cells in the embryo are responding to WNT signalling. Mis-expression of the chick ortholog Cwnt8C in mouse induced anterior truncations and posterior duplications (Popperl et al., 1997) , suggesting that ectopic expression of Wnt8a in tissues, including the AME can cause the same type of defects in the head region as we observed in our compound mutants. Similarly, in zebrafish, a loss of FoxA3 and Gsc resulted in an expansion of Wnt8 and a loss of anterior neural structures (Seiliez et al., 2006) . It is worth noting that WNT signalling activity, as revealed by Lef/ Tcf promoter activity which is downstream of canonical WNT/b-catenin signalling, is found mainly in the posterior embryonic tissue whereas the Gsc expression domain is restricted to the more anterior tissues at the gastrula to early-head-fold stage embryo. This may suggest that GSC activity may not act locally in the anterior germ layer derivatives but the repressive activity on signalling activity may be mediated by other molecular components, possibly Retinoic Acid. However, its mode of action is different to Dkk1 which acts to repress signalling by sequestering the receptor LRP5/6-Frizzled. Being a secreted molecule which acts extra-cellularly, DKK1 could potentially act at a longer range to suppress WNT signalling activity and perhaps indirectly repress Wnt gene expression in tissues other than those in the vicinity of the AME and anterior definitive endoderm.
Irrespective of the precise molecular mechanism that may lead to the down-regulation of WNT activity, our study has shown that Dkk1 and Gsc may act as negative modulators of WNT signalling. The results presented here lend further support to a model of head induction in which suppression of WNT signalling is a critical component and highlight that Gsc function is connected to this signalling mechanism. The regulation of WNT activity is essential to the formation of the forebrain and multiple genes may interact in order to establish appropriate levels of WNT activity along the anterior-posterior axis.
Materials and methods
Mouse strains Dkk1
+/À (Mukhopadhyay et al., 2001) and Gsc +/LacZ (with lacZ knock-in allele; (Wakamiya et al., 1997) ) mice were maintained on a 129 · C57BL6 background. To determine the genetic interaction between Dkk1 and Gsc in head development, we generated compound mutant embryos. Dkk1 +/À mice were crossed with Gsc +/LacZ mice to produce mice that were double-heterozygous for Dkk1 and Gsc. Genotyping was performed by PCR of tissue taken from tail clips in newborn mice. PCR primers and protocols are described in Supplementary Table 1 . The compound heterozygous mice were bred to produce pregnant female mice. One hundred and sixty-two embryos were collected in the period of head formation from E7.75 to E9.5 for the analysis of phenotype. Samples of yolk sacs were collected at the time of dissection for genotyping by PCR. Dkk1 +/À and Gsc +/À (with a null allele created by neo insertion; Rivera-Perez et al., 1995) mice were crossed with TOPGal transgenic mice (DasGupta and Fuchs, 1999) to generate embryos wild-type, heterozygous or homozygous for the Dkk1 or Gsc null mutant allele and expressing the ; Gsc lacZ/lacZ E8.0 early-head-fold embryos, ectopic Gsc lacZ expression is seen in the posterior axial mesoderm (bracket). Expression of the lacZ allele extends along the entire midline in the notochord of the E8.5 early-somite embryo but is lost from the prechordal region (blue arrow). The Gsc lacZ expression domain is reduced in the E9. 
Analysis of mutant phenotypes and morphometric measurement of the head dimension
The gross morphology of each embryo was examined upon dissection. Specific attention was given to the size and shape of the head-folds/cephalic neural tube and other craniofacial structures including the embryonic eye, branchial arches/facial primordium and otic vesicles. The embryos were then photographed at the lateral and en face aspects.
The physical dimension of the head region of the embryo was quantified on the digital image of the lateral view of the E9.5 embryo which showed the silhouette of the embryonic head from the rostral-most structure to the level of the otic vesicle. A tracing of the digital image of the embryonic head ( Supplementary Fig. 1B ) was taken from the stomodeum (the anterior margin of the base of the mandibular branchial arch) along the dorsal midline of the closed neural tube (or the lateral edge of the unclosed part of the neural tube) to the hindbrain at the level corresponding to the centre of the otic vesicle. The distance between these morphological landmarks was estimated using the morphometric function of the NeuroExplorer and Neurolucida programs (MicroBrightfield). In view of the variations in the overall size of the mutant embryos due to different growth rates between littermates, the measurement was standardized against the diameter of the otic vesicle. This distance was divided by the diameter of the otic vesicle to give a normalized value as a ratio of linear dimension of the head region over the otic vesicle size for comparison between genotypes. The data were presented as the mean and the average deviation from the mean as a measure of the phenotypic variability of each genotype. Embryos which lacked the morphological landmarks as anchor points for measurement were given a value of 7, which was just below the lowest value obtained for a measurable Dkk1 null embryo. There are limitations of the measurement method as many defects such as delayed fusion of the neural folds, poor definition of brain regions and enlargement of the hindbrain may not be revealed by the quantification of head size, which was more sensitive to detecting rostral truncations.
Histology of embryo specimens
Embryos were collected and fixed in 4% parafomaldehyde and when required, stained in X-gal solution overnight at 37°C. For histology, embryos were then processed and embedded in paraffin wax and sectioned at 8 lm. Sections were counterstained with Nuclear Fast Red.
Whole mount in situ hybridization
Embryos were processed for in situ hybridization analysis of the expression of Dkk1, Gsc, Wnt8a, Six3, Hesx1 and Fgf8 according to the protocol of Wilkinson and Nieto (1993) with the following modifications: riboprobes were labeled with digoxigenin-11-UTP (Roche) using the AmpliScribe kit (Epicentre Technologies) or the MAXIscript T7/T3 Kit (Ambion). SDS was used in place of CHAPS in both prehybridization and hybridization, no RNA digestion was performed after hybridization, and formamide was omitted from post hybridization washes.
